The electronic structure of double perovskite Pr2MnNiO6 is studied using core x-ray photoelectron spectroscopy and x-ray absorption spectroscopy. The 2p x-ray absorption spectra show that Mn and 
I. INTRODUCTION
Transition metal compounds have always been of great interest since they show diverse physical properties like metal-insulator transition, high temperature superconductivity, multiferroicity and various interesting phenomena like charge/orbital ordering and complex magnetic structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These systems include simpler oxides like NiO, MnO or more complex materials like KNiF 3 , rare-earth manganites, cuprates and nickelates 3, 9, [13] [14] [15] [16] . In most cases, the parent compound is usually insulating, which becomes metallic under influence of doping or pressure 2, 17 . In a unified scenario, insulating behaviour of the various oxides (or sulphides, dihalides) can be described by the Zannen-SawatzkyAllen(ZSA) phase diagram, which classifies the materials into Mott-Hubbard and charge-transfer insulators 18 . The electronic behaviour is governed mainly by three parameters namely Coulomb repulsion U dd in the d orbital of the transition metal ion, ligand to metal charge transfer energy ∆ and and metal-ligand hybridization strength V pd 18 . In the early transition metal (Ti, V and Cr) compounds, U dd <∆ and the bandgap E g ∝U dd . These materials are known as Mott-Hubbard insulators. The late transition metal based compounds (eg: hole doped cuprates, NiCl 2 , NiBr 2 ),
show greater ligand-metal charge transfer effect and for which U dd >∆ 19, 20 . Their band gap E g ∝∆, due to which these materials are known as charge transfer insulators. In a charge transfer insulator, the ground state involves a strong fluctuation between d n and d n+1 L states where L is the ligand hole. However in compounds involving Mn and Fe, the scenario is much more complicated and the band gap can be considered of an intermediate character. In addition to ratios, U dd /V pd and ∆/V pd , additional parameters like 3d bandwidth W and anion bandwidth w play an important role in determining whether the given compound is a metal or insulator. 2p x-ray photoemision(XPS) and x-ray absorption spectroscopy(XAS) are probes of U dd , ∆ and V pd . Appearance of satellite peaks in the XPS spectra help in determining the three parameters using cluster analysis or single impurity
Anderson model 21 . The position and intensity of the satellite peaks systematically depend on the surrounding ligand.
This is also an indicator of strength of covalency and is related directly to the Slater-Koster transfer integrals V pdσ and V pdπ . The 2p XPS spectra of the late transition metal compounds is particularly sensitive to ∆ and electronegativity of the anion 20 . However the XPS spectra is severely broadened by multiplet and core hole effects. Complementary to XPS is the 2p XAS, which has certain advantages over XPS. Depending on the valency of the metal, the 2p XAS spectra has a distinct shape. Also unlike XPS, which accesses the full multiplet, the no of transitions are restricted by the dipole transition rules.
Core level XPS and XAS studies have been carried out on the rare-earth nickelates(RNiO 3 ; R = La, Nd, Pr..) and manganites (RMnO 3 ) in detail. In the nickelates, studies have shown the variation of covalency and reduced hopping as we vary R from La to Nd, causing changes in conducting behaviour 22 . The Ni ion due to its high valence state of 3+ has a very small charge transfer energy (∆∼1 eV) leading to metallicity or an insulator with a very small band gap. In RMnO 3 compounds, a larger band gap(E g ∼1 eV) arises due to the Jahn-Teller effect at the Mn 3+ site, In The polycrystalline samples of Pr 2 NiMnO 6 a were synthesized by conventional solid-state reaction. Resistivity studies were carried out in temperature range of 4 to 300 K using four probe method. Magnetic properties were measured using a superconducting quantum interference device (SQUID) in the temperature range 10 -300 K. AC susceptibility measurements were carried out in a commercial CYROBIND set-up in the temperature range 4.2 -280 K. XPS studies were carried out using Al Kα source with a hemisphere analyzer with a resolution of 0.5 eV.
The binding energies were calibrated w.r.t C 1s photoelectron line with binding energy of 284.6 eV. The spectra was collected at the Mn and Ni 2p edges, Mn 3s edge along with O 1s edge. The XAS studies were carried out at BL-01 beamline in INDUS synchrotron centre, India at room temperature. The XAS spectra was obtained at O 1s edge,
Mn and Ni 2p edges using the total electron yield method. The resolution of spectra was 0.1 eV.
B. Computational Studies
Computational studies were performed using the projector augmented wavefunction (PAW) method within the density functional theory. The ab-initio simuation package (VASP) was used for this purpose 31 . The Pr 5d, Mn 3d/4s, Ni 3d/4s, O 2s O 2p are considered as valence orbitals while the Pr 4f orbitals are considered as core levels.
The calculations were performed within the generalized gradient approximation(GGA) formalism. Both GGA and GGA+U formalism was used to see the effect of Coulomb correlations 32 . The plane wave basis was used with a cutoff of 600 eV. Initially the crystal structure was relaxed until the forces on the atoms are less than 0.05 eV/Å . The structural optimisation was carried out assuming a ferromagnetic ordering between the Mn and Ni spins in accordance with experiments. Then the selfconsistent electronic calculations were performed till the energy difference between successsive cycles were less than 10 −5 eV. The band structure was obtained along specific directions along the Brillouin zone, while the partial spin polarized density of states were obtained by performing integrations using a 7 x7 x5 Monkhorst pack.
III. RESULTS AND DISCUSSION
The x-ray powder diffraction data of Pr 2 MnNiO 6 was refined to monoclinic space group P 2 1 /n. at 15 K and 5 T is around 4.8 µ B which is close to the expected value of 5 µ B due to perfectly ordered system. However the slightly reduced value and absence of complete saturation in magnetization suggest presence of small amount of anti-site disorders, in addition to role of Pr 3+ spins.
A. XPS and XAS spectra
Mn 3s spectra
The role of anti-site disorders in affecting the total magnetic moment is obtained more precisely from Mn 3s XPS spectra. The 3s spectra arises due to transition from the initial |3s 2 , 3d 3 > to |3s 1 , 3d 3 > states. The Mn 3s spectra shown in fig.3 exhibits a characteristic doublet due to the exchange splitting. The difference between interaction of 3s electron with the parallel and anti-parallel spin states of the 3d n shell gives rise to the exchange splitting. This scenario is valid only in the case of early transition metal ions. In the case of Ni 3s, the effect of charge transfer reduces the observed exchange splitting. The magnitude of splitting is proportional the Slater exchange integral G 2 (3s,3d) which is given by Van-Vleck theorem as 33 ,
where l=2. The magnitude of ∆E ex increases with decreasing valency 30 . Our experimental spectra reveals an exchange splitting of nearly 4.8 eV. Assuming that G 2 (3s, 3d)/(2l + 1) = 1.1 eV, the above equation yields a net spin of S=1.68 34 . For a complete Mn 4+ system like CaMnO 3 , the value of ∆E ex is nearly 4.5 eV 30 , which yields a spin of S = 3/2. Thus in our material the value of S is very close to the expected spin value of S = 3/2 in an Mn 4+ system.
The slightly higher value of S, indicates presence of Mn 3+ ions which arises due to anti-site disorders and mixed occupancy of the Ni(Mn) sites. However the signature of Mn 3+ is not so evident from our Mn 2p XPS and XAS spectra.
Simulation of Ni and Mn 2p XPS and XAS spectra
In this section,we briefly discuss the theoretical simulation of the 2p XPS and XAS spectra. The simulations were done in the configuration interaction cluster model, using charge transfer multiplet program CTM4XAS 35 . 
The ligand-metal charge transfer energy is defined as, fixed at 1 eV, thus V eg is the single adjustable parameter. The hybridizations strengths are related to Slater-Koster transfer integrals, through the expressions V eg = -√ 3V pdσ and V t2g =-2V pdπ 37 . The final state involves effect of 2p core hole which reduce final state energies by a constant term. This term, U dc corresponds to the attractive potential between the 2p core hole and the 3d electron. In the case of 2p XPS spectra the final states are,
In the case of 2p XAS, the final states which are of the type 2p 5 3d n+1 are given by,
In the above equations c denotes the core-hole wavefunction. The calculations were performed for the entire multiplet spectrum 36 . The 3d−3d and 2p−3d Slater integrals were reduced to 80% of the Hartree-Fock values. The effect of bare crystal field splitting between the t 2g and e g states were also included in the calculation by varying the separation 10Dq between 0 to 2.5 eV. The intensity of XPS and XAS spectra are calculated using sudden approximation 20, 36 . For matching the calculated spectra with experiments, the values ∆, V and U dd were systematically varied. Similarly, the ratio U dd /U dc was varied between 0.8 and 0.9 for optimum matching between experimental and calculated spectra. The defenition of ∆ and U dd are based on the centre of gravity of multiplet of each charge transfer configuration. However, their actual values are defined based on the difference between the lowest multiplet energy of each configuration.
These values are appropriately labelled as ∆ ef f and U ef f . Both the parameters, play a major role in determining the ground state electronic properties of the system. In Fig. 4 , we show the Ni 2p XPS spectra of Pr 2 MnNiO 6 . The spectra shows spin-orbit split 2p 3/2 and 2p 1/2 regions with the peaks located at 855 and 875 eV, respectively. Both the 2p regions contains two additional satellite features in addition to the main peak. The second satellite of the 2p 3/2 is less prominent and has a lower intensity as compared to both the satellite peaks of 2p 1/2 . The second satellite of 2p 1/2 is considerably broadened. The Ni The simulated Ni 2p XPS spectra for an NiO 6 cluster is shown in fig. 4 . The spectra is optimised for ∆ = 3.5 eV and hybridization ratio V eg /V t2g = 2.1 eV to match with the experimental spectrum. The values of U dd and U dc are 7.5 and 9.0 eV respectively. The higher values of U dd are in agreement with the greater charge transfer character of the late transition metal ion compounds. From the relative values of ∆, U dd and U dc , the ground states and final states of the XPS spectra can be classified in four regimes 20 . In our material since, ∆ > 0, the ground state has the following energy level sequence, E(d
. As the three parameters satisfy the following inequalities, 2∆+U dd < U dc and U dc − U dd < ∆ < U dc − U dd /2, in the final state, the level energy level sequence becomes E(cd fig. 4 The Ni 2p absorption spectra shown in Fig. 5 , is split due to spin-orbit coupling into 2p 3/2 and 2p 1/2 peaks. The spectra displays characteristic feature of an Ni 2+ system 41 . Compared to the XPS spectra, the satellite intensities are weaker. The absorption spectra contains distinct features marked a to f as shown in fig. 5 . The separation between the main peak a and the shoulder peaks b and c and also the shape of the peaks are affected by ∆ and V . The XAS spectra qualitatively resembles the spectra of NiBr 2 and NiCl 2 41 . In fig. 5 , we also show the simulated Ni 2+ XAS spectra, which was obtained for ∆ = 3.5 eV and V = 2.1 eV. Unlike the XPS spectra, we have assumed only a single charge transfer configuration d 9 L in the ground state since the 3d states becomes filled for d 10 L 2 configuration. The spectra was broadened by convoluting the line spectra with a Lorentzian function (0.3 eV) and Gaussian function (0.4 eV). The spectra also shows an additional broadening, especially for features b and c compared to that observed in the Ni dihalides. This can be attributed to the effect of presence of Ni 3+ ions in the system due to random occupancies by Mn/Ni. In Fig. 6 , we show the Mn 2p XPS spectra of Pr 2 MnNiO 6 . The spectra shows 2p 3/2 and 2p 1/2 spin-obit doublet peaks located at 642 and 654 eV, respectively. In addition we observe the satellite peak of 2p 1/2 , at a binding energy of 666 eV. The satellite peak of 2p 3/2 is not visible since it overlaps with the 2p 1/2 peak. The position of the satellite peak w.r.t the main peak is sensitive to the d-electron count 42 . In fig.6 we also show the calculated Mn 2p spectra for an MnO 6 cluster. The calculated spectra is broadend with a energy dependent Lorentzian and Gaussian function of 0.5 eV each. The Mn spectra is broader compared to Ni due to greater multiplet splitting. The experimental spectra is well reproduced for ∆=2.5 eV and V =2.1 eV along with U dd = 6.5 and and U dc = 8.5 eV. Moroever the intensity of the satellite indicates that the system can be described by a pure Mn 4+ configuration. The Mn 2p absorption spectra of Pr 2 MnNiO 6 is shown in fig. 7 . The spectra comprises of two main features corresponding to 2p 3/2 and 2p 1/2 . Unlike the XPS spectra, the absorption spectra does not show any satellite features. The spectral feature is similar to that observed in CaMnO 3 , without any distinct sign of Mn 3+ features 44 . states that are hybridized with 3d states of Mn and Ni above the Fermi energy(E F ). For determination of E F , we present normalized spectra of LaNiO 3 , which is metallic compound. We also show the spectra of LaMnO 3 , which has a known band gap. The position of E F was fixed at the rising edge of LaNiO 3 as shown in fig. 8a . The rise in spectra of LaMnO 3 occurs around 1.1 eV above E F , which can thereby be considered as its bandgap, which is close to the bandgap of 1.2 eV obtained from optical conductivity measurements 45 . For comparision of the spectra of three compounds, normalization was done at the post edge above 570 eV, which corresponds to a continuum. Based on the rising edge of spectra, (10% of peak intensity) the estimated bandgap of Pr 2 MnNiO 6 is nearly 0.9 eV which is around 0.6 eV greater than the value obtained from resistivity measurements. However the band gap is much lower than the reported value of 1.4 eV in the case of La 2 MnNiO 6 thin films 46 . The experimental band gap is also affected by presence of anti-site disorders, which are insulating regions.
The first main peak in Pr 2 MnNiO 6 occurs around 2.5 eV above E F as seen in fig. 8a . The peak intensity is almost twice that of LaNiO 3 and LaMnO 3 . Along with lower d electron count in the Mn 4+ ion, the intensity is also affected by the larger covalency between the Mn-O and Ni-O bonds. The intensity of the pre-edge peak is roughly proportional to β 2 0 , which is an indirect measure of the covalency of the ground state 22 . Thus large intensity of the O 1s pre-peak edge indicates a greater covalent character of our system as compared to LaMnO 3 . This is also valid in the case of O 1s edge of PrMnO 3 47 , since in RMnO 3 variation in R does not drastically affect the covalency character and the bandgap. The major contribution to the spectral intensity arises from the unoccupied Mn e g (↑ and ↓) and t 2g ↓ states while a smaller contribution arises from the Ni e g ↓ states.
Thus the large enhancement of the unoccupied states above E F indicating large overlap between the Mn 3d and Ni 3d bands in Pr 2 MnNiO 6 . fig. 8b for U −J = 2 eV. The nature of spectra qualitatively for U −J = 2 eV since for this value we obtain a band gap of approximately 0.9 eV which is comparable to the rising edge of O 1s edge spectra. Based on the DOS the O K pre-peak can be divided into two portions. The first part comprises of the strongly overlapping Mn e g ↑ and Ni e g ↓ states. The large rise in the central portion can be attributed entirely to the Mn t 2g ↓ states while the subsequent edge arises due to the Mn e g ↓ states. However unlike in parent manganite compounds, there is no effect of U on Mn e g ↑ states. 
D. Conclusions
To summarize, the electronic structure of double perovskite compound Pr 2 MnNiO 6 is studied using 2p core XPS and XAS along with O K edge absorption. The Ni 2p XPS shows a three peak structure indicating a greater charge transfer effect. Using the charge transfer multiplet theory it is found that Ni 2+ has a lower charge transfer energy of 
